We have previously reported a patient with cytochrome bpositive X-linked chronic granulomatous disease. Although the 0; production of neutrophils from the patient was completely defective, we presented data suggesting that the patient's cytochrome b was present at a normal level and possibly had normal spectroscopic features. Thus, to look for a mutation in the cytochrome b heavy chain (gp91-phox) gene, DNA analysis of gp91-phox cDNA derived from this patient was performed. As a result, we found that five nucleotides (1521 through 1525) within exon 12 were deleted, and a new sequence of eight nucleotides was inserted. This mutation converted Gln507-Lys508-Thr509 into His-Me-Trp-Ala. Mis-
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HRONIC granulomatous disease (CCD)
is characterized by recurrent bacterial infections due to defective nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in phagocytes. ' The NADPH oxidase is composed of membrane-associated cytochrome b and at least three cytosolic factors: p47-phox: p67-phox,' and racV2 A. '-5 The cytochrome b is a dimer consisting of gp91-phox and p22-phox. It is believed that, after stimulation of phagocytes by opsonized bacteria or other substances, p47-phox is phosphorylated, and then, along with p67-phox, it translocates to the gp91-phox in the CCD is transmitted in both X-linked and autosomal recessive fashions. In most cases of X-linked CGD, cytochrome b is missing because of a mutation of the gp91-phox gene that is encoded on the X chromosome. However, a rare case of the X-linked form in which cytochrome b is present at normal levels has been reported by several investigators'"' and has been designated as Xb+ type. This rare type is useful for the study of the functional domain of gp91-phox. In this report, we describe a new mutation of gp91-phox in Xb+ type of CCD and discuss the possible defective function caused by the mutation.
C MATERIALS AND METHODS
Patient. The patient's past history and the clinical data have been reported elsewhere." Briefly, the patient is a male with CGD diagnosed at age 3 years. 0; production by the neutrophils was evaluated by opsonized zymosan-stimulated nitroblue tetrazolium (NBT) reduction assay, formyl-rnethionyl-leucyl-phenylalaninestimulated chemiluminescence assay, and phorbol myristate acetate matched polymerase chain reaction showed that the mother has both wild and mutated alleles, confirming that this case was transmitted in an X-linked fashion. This mutation is different from those previously reported by others. The translocation of p47-phox and p67-phox to the membrane fraction occurred, indicating the complete formation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex. We conclude that this case suggests that the structure encoded on exon 12 of gp91-phox is important for electron transfer. 0 7995 by The American Society of Hematology.
(PMA)-stimulated cytochrome c reduction assay. Although the classic NBT reduction assay suggested low (less than 10%) residual activity, the chemiluminescence and cytochrome c reduction assays showed almost no residual activity (less than 1%). This was confirmed by flow cytometric analysis of 0; production. However, the reduced-minus oxidized difference spectra analysis showed a peak at around 559 nm that was possibly identical to the peak characteristic of cytochrome b. Data obtained by Western blot analysis and flow cytometric study of cell-surface expression of cytochrome b suggested that cytochrome b was present at a normal level. Functional analysis of the mother's neutrophils suggested that she is a carrier. The patient's condition has improved with time, and there is presently no need for the daily intake of prophylactic antibiotics.
Isolation of neutrophils. The heparinized blood was treated with dextran sedimentation, and the buffy coat was centrifuged through Ficoll-Paque (Pharmacia Fine Chemicals, Tokyo, Japan). The red blood cells in the sediment were lysed by hypotonic shock.
Reconstitution. Reconstitution was performed basically according to the method described by Curnutte." Neutrophils were sonicated and then centrifuged at 50.000g for 90 minutes at 4°C. The supernatant containing the cytosol fraction was removed, and the pellet containing the membrane fraction was resuspended in the initial volume of ice-cold phosphate-buffered saline (PBS). Equal volumes of membrane and cytosol fraction were mixed together and OF production was initiated by adding arachidonic acid. Superoxide anion liberation was measured kinetically by ferricytochrome c (Sigma, St Louis, MO) reduction. The slope at the inflexion point of the tracing was taken as the rate of cytochrome c reduction. as described by Borregaard et al."
Translocation, Translocation was performed according to the method described by Heyworth et al." After pretreatment with 2 mtnol/L diisopropylfluorophosphate (Sigma) for 20 minutes at 4°C at a cellular concentration of 5 X 10'/mL, the neutrophils were washed and resuspended in PBS. The neutrophils were then activated with PMA (Sigma; 100 nglmL) or dimethylsulfoxide (Sigma). and then transferred to an ice bath. The cells were pelleted by centrifugation, resuspended in 0.6 mL relaxation buffer, and sonicated. After removing the unbroken cells and nuclei by centrifugation, the supernatant was centrifuged at I15,OOOg for 20 minutes. The supernatant representing the cytosolic fraction was then removed, and the pellet was suspended with 0.6 mL of relaxation buffer and centrifuged at 1 15,OOOg for 20 minutes. The final pellet was resuspended in 0.2 mL of relaxation buffer and dispersed with sonication. This represented the membrane fraction.
Electrophoresis and irnmunoblorring. The membrane fractions from resting and activated neutrophils were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on The cytosol fraction from the patient's neutrophils was able to support 0, production when mixed with the membrane fraction from the control's neutrophils. (B and C ) The membrane fraction from the patient's neutrophils was unable to support 0; production when mixed with the cytosol fraction from either control's or patient's neutrophils.
10% acrylamide gels. The proteins were hlotted on nitrocellulose membrane. and the hlots were prohed with monoclonal antihodies that recognize p47-phox and p67-phox. respectively.'' The immunoreactive proteins were stained with goat antimouse IgG (H+L) alkaline phosphatase conjugate antibody (Promega. Madison. WI). and color development was performed using S-hrorno-4-chloro-3-indolyl phosphate (BC1P)MBT phosphatase substrate system (Kirkegaard & Perry Lahoratories. Gaithersburg. MD).
Amp/i/icdou o f r h c , cDNA. Total RNA was purified from peripheral hlood mononuclear cells using RNA Zol (CinndBiotex. Houston. TX). The lirst-strand cDNA was synthesized using a first-strand cDNA synthesis kit (Pharmacia LKR Biotechnology. Uppsala. Sweden). The amplification of cDNA was performed using AmpliTaq Kit (Perkin Elmer-Cetus. Norwalk. CT) with three pairs of specific oligonucleotide primers, as described by Dinauer et nl."' Two oligonucleotides-one designated primer D (S'TCACAGGCCTGA-AACAAAAG3'). the 3' end of which is complementary to wild sequence. and the other designated primer P (S'TCACAGGCCTGA-AACACATC3'). the 3' end of which is complementary to mutant sequence-were synthesized for the mismatched polymerase chain reaction (PCR. see Fig 2 ) . Seqrtrncc m w / w i s . The amplified cDNA was subcloned into the Hindlll/Ror,rHI site of pBluescript I1 (Stratagene, La Jolla. CA) after Hir~dlll/Hrrr~rHl digestion. and sequence analysis was performed by the dideoxy-chain termination method using Plex Luminescence kits (Millipore. Tokyo. Japan). To read the cDNA sequence in reverse. sequence reaction using Sequenase kit version 2.0 (United States Biochemical Corp. Cleveland. OH) and T7 primer was performed.
In this reaction. "S adenosine triphosphate (ATP) was used.
RESULTS

Recorlstif~ctiorl.
To determine the location of the cellular defect. reconstitution was performed (Table I) . When cytosol and membrane fractions from the control were combined. the velocity of 0; production was 52.3 nmol/min/mgprotein. The cytosol fraction from the patient's neutrophils was able to support 0; production. When combined with membrane fraction from the control. 0; was produced at a velocity of S I . I nmol/min/mg protein. In contrast. membrane fraction from the patient was unable to support 0; production when combined with cytosol fraction from the control. The velocity of 0: generation was only 3.9 nmol/min/mg protein. These data indicated that the membrane fraction is defective.
Trcrrlsloctrtiorl of 1747-phnr c m / 1167-phnr f o m w /~r m c frrrctiorl. Both p47-phox and p67-phox translocated to membrane fraction when neutrophils were activated (Fig I ) .
The intensity of the hands indicated that the pj7-phox and p67-phox in the patient's neutrophils was a s high as those in neutrophils from a healthy adult.
This may suggest that the translocation process is not affected.
Seqlrmce ntmlx~is of fhe PCR-n~lll~li~e~l,fi-~r~sl,lrrlr. Whole cDNA scquences of the PCR-amplified fragments from the patient and a normnl control were studied (Fig 2) . The sequence analysis showed that the nucleotides AAAGA ( 1 S2 1 through 1525) were deleted. and a new sequence of eight nucleotides (CATCTGG) was inserted. As a result. this mutation converted Gin'"' through Th?''' to His-lle-Trp-Ala.
M i s~~l~r t c k~d
PCR. To confirm that the mutated gene was transmitted from the mother. mismatched PCR was performed using primer D and primer P. As the reversed primer. primer 6 (S'tagtaagcttAGCATTATTGAGCATTTG-GCAGCACAACCCACA3' )'l' was used. As shown in Fig  3. in the case of cDNA prepared from the neutrophils of the patient, only the combination of primer P and primer 6 could produce an approximately 250-bp band. In the case of cDNA prepared from the neutrophils of the mother. not only the pair of primer P and primer 6. but also the pair of primer D and primer 6 could produce an approximately 250-bp band.
This confirms that the mutated gene was transmitted from the patient's mother. Translocation of p47-phox and p67-phox to the membrane fraction. Neutrophils were activated with PMA. The membrane fraction was prepared from activated neutrophils (lanes 3 and 4) and resting neutrophils llanes 1 and 2). electrophoresed, and blotted on nitrocellulose membrane. The proteins were probed by anti-p47 and anti-p47 monoclonal antibodies. The membrane fractions derived from the activated neutrophils were shown to contain more p47-phox and p67-phox than those prepared from the resting neutrophils. Lanes 1 and 3, patient; lanes 2 and 4, healthy adult. 
DISCUSSION
The reconstitution experiment strongly suggested that the membrane fraction is defective. We were able to demonstrate that the mutation was present in the gp91-phox gene and that the mutated gene was transmitted from the mother. Thus, we believe that this mutation is responsible for the defective NADPH oxidase activity and that this case was one of the rare Xb+ type CGD. Although six cases of Xb+ type have been reported,"'".'" among them, it appears that only three cases expressed cytochrome b at normal levels. The mutations of these three cases were Alaq7 through Glu', Pro4" through His"), and deletion of Ala4" through GIU"'~". Thus, the mutation of our case (deletion of Gln5"7 through Th8"; insertion of His-He-Trp-Ala) was different from the mutations of these three cases. In the case of the deletion of Ala4XR through GIU"')~, a single nucleotide substitution was present in the intron, resulting in abnormal splicing and leading to the deletion of IO amino acids from the 5' end of exon 12. In our case, the mutated sequence was located within exon 12, indicating that the change of nucleotide sequence was not caused by abnormal splicing. Although the true mechanism of mutagenesis in our case is difficult to determine with certainty, a similar mutation was reported in a case of Lesch-Nyhan syndrome. '7.1x It is interesting that the mutation site (GlnSn7 through Thr"") in our case is close to the deletion site described above (ie, deletion of AlaMX through G I U~"~) and also that both sites are present in exon 12. This fact demonstrates that the amino acid change in exon 12 caused by the mutation may tend to interfere only with the electron transport pathway. In fact, the inserted amino acid sequence was quite different from the wild amino acid sequence in terms of both characters and the number of amino acids. Thus, we believe this change is enough to cause a significant conformational change around exon 12. In addition, it should be stressed that the mutated area is located at the carboxy terminal of gp91-phox that was believed to be the binding site of the cytosolic components" or the possible NADPH binding site.m.'~ In this study, the translocation of both p47-phox and p67-phox to the membrane fractions of the patient's neutrophils as well as of neutrophils from a healthy adult occurred (Fig  l) . This indicates that the binding of p47-phox and p67-phox to the mutated gp91-phox is not significantly prevented, and the formation of the NADPH-oxidase complex must occur. A second possibility is that the mutated gp9 1 -phox is unable to bind to NADPH. Interestingly, the mutated area is present between the two possible NADPH binding sites: one believed to bind to the pyrophosphate moiety of NADPH and the other to the nicotinamide mononucleotide moiety." Thus, it is possible that a conformational change caused by the mutation affects the binding capacity of gp91-phox to NADPH. In fact, in the case of Xb+ CCD with mutated gp91-phox (Pro4'' through His): in which the mutation is located on the possible NADPH (nicotinamide mononucleotide moiety) binding site, the NADPH binding capacity of the mutated gp91-phox was shown to be defective.'"
We were not able to detect production of 0; by the intact neutrophils from the patient," but a small production of 0; was observed in the cell-free system (Table l ) 5) . the PCR product was detected only when primer P and primer 6 were used. In cDNA prepared from mononuclear cells from the mother (lanes 6 and 7) . the PCR products were detected when either primer D and primer 6 or primer p and primer 6 were used. Lanes 1 and 8, molecular marker; lanes 2,4, and 6, primer D and primer 6; lanes 3,5, and 7, primer P and primer 6. the neutrophil preparation from Xb-CGD was not applied in this assay, these data might suggest that the patient's neutrophils are able to produce a small but significant amount of 0; under special conditions. This may explain the patient's current favorable clinical course. We are now investigating whether or not NADPH is able to bind to the mutated gp9l-phox of our patient.
